A number of studies indicate that relative to the maximal tone possible, for example, to histamine, noradrenaline produces only weak contractile responses in the rabbit basilar artery. Various factors, including a limited number of a-adrenoceptors, have been proposed to account for the reduced response to noradrenaline. We examined the effect of the Ca2+ -channel activator, Bay K 8644 (0.1 and 1.0 nM) on dose-response curves to nor adrenaline, histamine, calcium (Ca2+) and potassium (K +) in ring preparations of rabbit basilar artery and cen tral ear artery. These concentrations of Bay K 8644 (0.1 and 1.0 nM) increased the magnitude of tension devel oped by noradrenaline ( contractility) in the basilar artery, but did not alter its sensitivity (ED50) to the adrenergic vasoconstrictor. Bay K 8644 (0.1 and 1.0 nM) did not alter the contractility or sensitivity to histamine or K + of the rabbit basilar artery. When dose-response curves to
The contractile response of cerebral arteries to a-adrenoceptor activation occurs through sympa thetic nerve stimulation or exogenously applied noradrenaline (Lee et al., 1976; McCalden, 1981) . Such contractions demonstrate a number of distin guishing characteristics when compared to similar responses obtained in peripheral arteries of the cir culation (Bevan, 1984) . Notable among these is the observation that relative to the maximal tone pos sible, e.g., to serotonin, histamine, or depolarization with potassium (K +), noradrenaline produces only a weak contractile response (Duckles and Bevan, 1976; Araki et al., 1982) . This appears to be the case in cerebral arteries obtained from a number of spe cies including humans (Bevan, 1984) .
Ca2 + were made in K + -depolarized rabbit basilar artery rings, Bay K 8644 (0.1 and 1. 0 nM) dose-dependently augmented tone generated by readmission of Ca2+. Bay K 8644 (0.1 and 1.0 nM) did not alter responses to nor adrenaline, histamine, or K + in rabbit central ear artery preparations. These results are compatible with a voltage dependent mechanism of action of Bay K 8644 in the rabbit basilar artery, which may be partially depolarized in the resting state. We propose that in addition to other factors, the contractile response of rabbit basilar arteries is limited by a weak or inefficient coupling of a-adrenoceptors to Ca2 + channels. The effect of Bay K 8644 on cerebral vascular tone generated by noradrena line is to improve coupling thus allowing a greater influx of extracellular Ca2 +. Key Words: Basilar artery N oradrenaline-Calcium-Calcium-channel agonist.
Adrenergic control of cerebral vascular tone is complex; a number of factors have been proposed to regulate the responsiveness of cerebral arteries to a-adrenergic stimulation (McCalden, 1981; Busija and Heistad, 1984) . For example, a-adreno ceptors of cerebral arteries are relatively insensitive to noradrenaline (Lee et al., 1976; Bevan, 1984; Duckles and Bevan, 1976; McCulloch and Edvins son, 1984) , show little stereospecificity for dand I-noradrenaline (Duckles and Bevan, 1976) , and have relatively high dissociation constants for nor adrenaline as well as phentolamine (Duckles and Bevan, 1976) . Whereas the potency ratio of nor adrenaline and phenylephrine, both phenethyl amine derivatives, is similar in rabbit basilar and pulmonary arteries, imidazoline derivatives, such as clonidine and tolazoline, contract the pulmonary artery but have no intrinsic activity in the basilar artery even though they are effective antagonists (Bevan, 1981) . We have also determined that the maximal response to noradrenaline in the rabbit basilar artery, unlike that in similarly sized periph eral arteries, is limited by the number of a-adrenoceptors available for occupancy (Laher and Bevan, 1985) . The limited response to sympa thetic transmural stimulation, i.e., endogenously re leased noradrenaline, is consistent with the weak re ponse to exogenous noradrenaline (Lee et aI., 1976; Araki et aI., 1982) .
Agonist-induced tone in cerebral vascular smooth muscle is more dependent on entry of extracellular Ca2+ than is the case for peripheral arteries (Mc Calden and Bevan, 1981) . One consequence of this finding is that cerebral artery tone would be ex pected to be more sensitive to agents inhibiting the entry of extracellular Ca2+. Indeed, a number of studies have shown that compared to peripheral ar teries, tone in cerebral arteries is more sensitive to calcium entry blockers such as nimodipine and ve rapamil and to removal of Ca2+ from the extracel lular space (McCalden and Bevan, 1981; Bevan, 1982; Towart et aI., 1982; Towart, 1981; Muller Schweinitzer and Neumann, 1983) .
We present evidence for another possibility, namely, that the weak response of the basilar artery to noradrenaline may be due to poor coupling be tween a-adrenoceptors and calcium entry channels. We examined the effect of Bay K 8644, an activator of voltage dependent Ca2+ entry (Schramm et aI., 1983; Bechem and Schramm, 1987) , on contractions due to noradrenaline, histamine, and depolarization with K +. We observed that noradrenaline-induced contractions were augmented by concentrations of Bay K 8644 that did not augment tone through other means.
METHODS
Basilar and central ear arteries were removed from adult male rabbits injected with heparin (1000 Ulkg, i.v.) and placed in physiological salt solution (PSS) at room temperature. The PSS had a pH of 7.4, was bubbled with a mixture of 95% O 2 and 5% CO 2 and had the following composition (in mM): Na +, 144.2; K + , 4.9; Ca2 +, 1.6; Mg2+, 1.2; Cl-, 126.7; HC03 -,25.0; SO/-, 1.99; dex trose, 11.1. Ring segments approximately 2-3 mm in length were cut, and two short lengths of stainless steel wires (31 g) were placed in the lumen of the artery. One wire was bent into a U-shape. The free ends of the unbent wire were rested on holders attached to a force displace ment transducer (Grass FT03) while the tips of the bent wire fixed to a stationary holder (Bevan and Osher, 1972) . The artery segments were allowed to equilibrate for 1 h in bubbled PSS placed in double-jacketed tissue baths. The PSS was maintained at 37°C and replaced at 15-min inter vals; thereafter tissues were stretched by 0.5 g (basilar artery) or 2.0 g (central ear artery) and allowed to re equilibrate for an additional hour. After maximal responses to the agonists were obtained, the PSS was replaced several times until no active tone was recorded. Bay K 8644 (0.1 to 10 nM) was then added for 20 min and responses to noradrenaline or histamine determined again. The results obtained are expressed as a percentage of the maximal response to each agonist in the absence of Bay K 8644.
Dose-response curves to potassium
For these experiments solutions rich in K + (8-84 mM)
were prepared by equimolar substitution for Na + using PSS containing prazosin (0.1 fl.M) and butoxamine (1 fl.M) to nullify responses to indirect stimulation of a-and f3-adrenoceptors, respectively. Dose-response curves to K + were made by successively replacing the PSS with K + -rich PSS. After the maximal response to K + was reached, tissues were washed several times in PSS and Bay K 8644 (0.1 to 10 nM) was added for 20 min. There after dose-response curves to K + were repeated in the continued presence of Bay K 8644; results are expressed as a percentage of the maximal response to K + obtained in the absence of Bay K 8644.
Dose-response curves to calcium
These experiments were made in rings of basilar artery, which were prepared as described earlier. Tissues were repeatedly contracted with histamine (0.1 mM) until the magnitude of the contraction was unchanged. Tissues were then placed in PSS not containing Ca2 +. Adequate depletion of extracellular Ca2 + was determined from the abolition of contraction to KCI (127 mM). The Ca2+ -free PSS was then replaced with one containing KCI (20 mM). To some tissues Bay K 8644 (1 and 10 nM) was added for 20 min. Thereafter cumulative additions of Ca2+ (0.1 to 1.6 mM) were made and the resultant contractile re sponses measured.
Dose-response curves to Bay K 8644
After a reproducible maximal response to histamine (0.1 mM) was determined in normal PSS, cumulative ad ditions of Bay K 8644 (0.1 nM to 3 fl.M) were made. Values for the 50% effective dose (ED 50) were calculated from the maximal contractile response to Bay K 8644 (3 fl.M); higher concentrations of Bay K 8644 consistently produced inhibition of tone in rabbit basilar arteries.
Drugs and statistics
Noradrenaline hydrochloride, desmethylimipramine hydrochloride, histamine hydrochloride, and cimetidine hydrochloride were purchased from Sigma (St. Louis, MO). Butoxamine hydrochloride was a gift from Bur roughs Well come (Research Triangle Park, NC), while Bay K 8644 was a gift from Miles Pharmaceuticals (West Haven, CT). Stock solutions of Bay K 8644 were made in ethanol, whereas all other drugs were dissolved in dis tilled water.
Analysis of data were carried out using analysis of vari ance (ANOY A). Differences by ANOY A were tested us ing the Newman-Keuls method, with differences being significant if p < 0.05. The maximal responses and sensitivity of the cen tral ear artery to either histamine or noradrenaline did not change with time. The maximal responses or sensitivity to these agonists were not different ei ther in the absence or presence of Bay K 8644 (0.1 and 10.0 nM) (see Table 1 ). These concentrations of Bay K 8644 (0.1 and 1.0 nM) did not elicit contrac tion when added to unstimulated vessels equili brated in PSS (5 mM K +).
RESULTS

Effect of
Effect of Bay K 8644 on contraction of the basilar artery Histamine, noradrenaline, and KCI dose dependently increased vascular tone in the basilar artery. The maximal tone generated by histamine (0.1 mM) and KCI (127 mM) were not significantly different from each other, but were significantly greater than that produced by noradrenaline (10 mM) ( Table 2 ). The maximal tone and sensitivity to these vasoconstrictors did not change with time over the course of the experiment. When dose response curves were repeated in the presence of Bay K 8644 (0.1 and 1.0 nM), the contractility or sensitivity to histamine or KCI did not change.
Noradrenaline characteristically produces a bi phasic dose-response curve in the rabbit basilar ar tery (Duckles and Bevan, 1976) . The constrictor ef fects of noradrenaline occurs via low-affinity acti vation of classical a-adrenoceptors as well as atypical low-affinity "extraceptors" (Laher and Be van, 1985) . The contractility to noradrenaline (10 mM) was significantly increased by Bay K 8644 (0.1 nM) (p < 0.05) and by Bay K 8644 (1.0 nM) (p < 0.02) (Fig. 1) . The sensitivity (ED50) for noradren aline was unaffected by Bay K 8644 (0.1 and 1.0 nM).
Responses of the basilar artery to calcium
Basilar artery segments placed in Ca2 + -free PSS containing 5 mM K + did not contract when Ca2+ was readmitted either in the absence or presence of Bay K 8644 (1 and 10 nM). When these experiments were repeated in Ca2+ -free PSS containing 20 mM K +, readmission of Ca2 + produced increases in vessel tone, with an ED50 for Ca2+ of 0.48 ± 0.06 mM. Dose-response curves made to Ca2+ were shifted leftward by preincubation of the basilar ar tery segments with Bay K 8644 (1.0 and 10 nM) (Fig. 2) . The ED 5 0 for Ca2+ was 0.19 ± 0.27 mM in the presence of Bay K 8644 (1.0 nM) and 0.46 ± 0.16 mM in the presence of Bay K 8644 (10 nM). These values are not significantly different from the ED50 for Ca2+ obtained in the absence of Bay K 8644.
Dose-response curves to Bay K 8644
Cumulative additions of Bay K 8644 to basilar artery rings in nondepolarizing PSS (5 mM K +) pro duced dose-dependent contractions. The ED 5 0 for Bay K 8644 was 1.93 (±0.12) x 10-8 M, and the maximal response to Bay K 8644 (1 f.LM) was 113.7 ± 3.4% of the maximal contraction to histamine (0.1 mM).
DISCUSSION
The Ca2 + -channel agonist Bay K 8644 potenti ated contractions to noradrenaline in the rabbit bas ilar artery in concentrations that failed to increase tone caused by either histamine or membrane de polarization with K + . The selective potentiation of noradrenaline contractions was not seen in the cen tral ear artery, a vessel that is representative, in many respects, of other peripheral muscular arter ies. We would like to argue that these results can be interpreted as suggesting that in addition to other The results are from 12-15 dose-response curves, and the maximal contractility for histamine (0.1 mM) and noradrenaline (0.1 mM) and sensitivity are given for experiments made in the absence and presence of Bay K 8644 (0.1 and 10 nM). The results are from 15-20 dose-response curves and the maximal contractility for histamine (0.1 mM), potassium 027 mM) and noradrenaline 00 mM), and sensitivity are given for experiments made in the absence and presence of Bay K 8644 (0.1 and 1.0 nM).
a Significantly increased over control (p ,,; 0.05).
recognized factors (Bevan, 1984) , the inability of noradrenaline to contract cerebral arteries maxi mally may be related to an inefficient coupling be tween receptors for noradrenaline and Ca2 4--entry pathways. This feature results in the apparent adre noceptor number limitation of the contractile re sponse (Laher and Bevan, 1985) . Bay K 8644, though structurally related to 1,4dihydropyridine Ca2+ -entry inhibitors, acts to pro mote Ca2 + influx through voltage-dependent Ca2 + channels (Schramm et al. , 1983; Bechem and Schramm, 1987; Thomas et aI. , 1984) . This effect of Bay K 8644 usually requires vascular smooth mus cles to be partially depolarized (Hering et aI. , 1988) . For example, Hwang and van Breeman (1985) dem onstrated that Bay K 8644 neither contracted or stimulated 4 5 Ca2 + influx in rabbit aorta in normal PSS (5 mM K +), but did increase these parameters in a graded manner once the K + concentration was J Cereb Blood Flow Metab, Vol. 9, No.6, 1989
raised above 15 mM (Hwang and van Breemen, 1985) . A number of other studies have also indi cated that the vasoconstrictor effect of Bay K 8644 preferentially occurs in depolarized arteries (Morel and Godfraind, 1988; Su et aI. , 1984; Scriabine et aI., 1986; Perlmutter et aI. , 1987; Cheung, 1985) . In the present studies on rabbit basilar arteries placed in nondepolarizing PSS (5 mM K +), the Ca2+ channel agonist Bay K 8644 consistently caused dose-dependent increases in vessel tone and a tis sue-specific potentiation of contractile responses to noradrenaline. These concentrations of Bay K 8644 presumably facilitated voltage-dependent Ca2 + en try, as evidenced from their augmentation of con tractile responses to Ca2 + in partially depolarized (20 mM K +) arteries (Fig. 2) . It is unclear why Bay K 8644 caused dose-dependent constriction in nor mal PSS but was unable to augment tone due to readmission of Ca2+ unless the concentration of K + was increased in the PSS. Since no increases in tone were observed when Ca2 + was readmitted in basilar arteries pretreated with Bay K 8644 in non depolarizing (5 mM K +, Ca2+ -free) PSS, it is un likely that Bay K 8644 (0.1-10 nM) per se would sufficiently depolarize cerebral arteries to activate voltage-dependent Ca2+ channels. Contractile re sponses of the basilar artery to Bay K 8644 were of a similar magnitude to maximal contractions to his tamine or K +. These findings imply that the Ca2+ channels in the basilar artery of the rabbit are in an activated state at rest. Similar observations have been reported for cerebral arteries of the dog (Asano et aI., 1987) and cat (Salaices et aI., 1985) , although there is some inconsistency in the latter species (Uski and Andersson, 1985) . Unlike the ce rebral arteries, Ca2+ channels in a number of other vessels, e.g., rabbit central ear artery (this study), rabbit aorta (Hwang and van Breemen, 1985) , dog mesenteric artery (Asano et aI., 1987) , rat femoral artery (Asano et aI., 1986) , and rat tail artery (Su et aI., 1984) are not activated under resting conditions as they do not contract to Bay K 8644.
Receptor occupancy or increases in the concen tration of extracellular K + are known to cause membrane depolarization in cerebral arterial smooth muscle (Harder, 1983; Harder et aI., 1981; Garland, 1987) . Consequently, one would expect an interaction between a-adrenoceptor occupancy or K + depolarization and promotion of Ca2 + entry by Bay K 8644. It is apparent, however, that Bay K 8644 (0.1 and 1.0 nM) increased the extent of nor adrenaline, but not histamine or K + -induced tone in the rabbit basilar artery, indicating that the Ca2+ -channel agonist may act to facilitate voltage dependent activation of Ca2 + entry by depolarizing stimuli due to some agonists (e.g., noradrenaline) and not others (e.g., histamine or K+). Bay K 8644 (0.1 and 1.0 nM) increased the contractility, but not sensitivity, of the basilar artery to noradrenaline. A selective effect of Bay K 8644 on the contractility to noradrenaline has also been observed in rabbit mes enteric artery (Kanamura et aI., 1984) , dog saphe nous artery (Goto et aI., 1985) , rat saphenous vein (Goto et aI., 1985) and pig coronary artery (Perlmut ter et aI., 1987) .
In conclusion, the present study provides evi dence for a selective potentiation by Bay K 8644 of noradrenaline-induced tone in the rabbit basilar ar tery; tone produced by either histamine or K + was not potentiated under similar conditions. Responses of this artery to noradrenaline are limited by a-adrenoceptor number, and the selective potenti ation of these responses by the Ca2+ -channel ago nist may be due to an increase in the efficiency of coupling. Bay K 8644 can sufficiently activate this artery to cause a maximum response. Bay K 8644 activates Ca2 + channels opened upon receptor ac tivation, causing these channels to be stabilized in their open state and thereby increasing coupling ef ficiency. Contractile responses to agonists, such as histamine and K + , that maximally activate the bas ilar artery are unlikely to be limited by inefficient coupling mechanisms at the Ca2 + channel. Thus Bay K 8644 would have no effect on these re sponses. The action of Bay K 8644 on noradrena line-induced tone is manifest in this artery because of the inefficient coupling of the a-adrenoceptor to the calcium channels.
